Glioblastoma multiforme (GBM) is paradigmatic for the investigation of cancer stem cells (CSC) in solid tumors. Growing evidence suggests that different types of CSC lead to the formation of GBM. This has prompted the present comparison of gene expression profiles between 17 GBM CSC lines and their different putative founder cells. Using a newly derived 24-gene signature, we can now distinguish two subgroups of GBM: Type I CSC lines display "proneural" signature genes and resemble fetal neural stem cell (fNSC) lines, whereas type II CSC lines show "mesenchymal" transcriptional profiles similar to adult NSC (aNSC) lines. Phenotypically, type I CSC lines are CD133 positive and grow as neurospheres. Type II CSC lines, in contrast, display (semi-)adherent growth and lack CD133 expression. Molecular differences between type I and type II CSC lines include the expression of extracellular matrix molecules and the transcriptional activity of the WNT and the transforming growth factor-β/bone morphogenetic protein signaling pathways. Importantly, these characteristics were not affected by induced adherence on laminin. Comparing CSC lines with their putative cells of origin, we observed greatly increased proliferation and impaired differentiation capacity in both types of CSC lines but no cancer-associated activation of otherwise silent signaling pathways. Thus, our data suggest that the heterogeneous tumor entity GBM may derive from cells that have preserved or acquired properties of either fNSC or aNSC but lost the corresponding differentiation potential. Moreover, we propose a gene signature that enables the subclassification of GBM according to their putative cells of origin. Cancer Res; 70(5); 2030-40. ©2010 AACR.
Introduction
Glioblastoma multiformes (GBM) are among the most deadly human cancers (1, 2) . They contain a rare subpopulation of cells with stem cell-like properties, so-called cancer stem cells (CSC) or tumor-initiating cells. On implantation into nude mice, these CSC give rise to tumors that histologically mimic the original lesions, whereas other cells isolated from the same tumors are nontumorigenic in vivo (3) (4) (5) .
Based on our recent observation that a subgroup of primary astrocytic GBM gave rise to CD133 − CSC lines, which differed from previously described CD133 + CSC lines with regard to transcriptional profiles and phenotypic properties, we already proposed that the histologically defined entity of GBM might comprise different GBM subtypes driven by different CSC (6) . Further support came from an unrelated study that confirmed our findings in a second (larger) cohort of cell lines, proposing an additional array-based classification system of CSC lines based on their spontaneous clustering pattern (7) . At present, it remains unclear if these two classification systems actually reflect similar biological entities and cover all relevant subgroups. In addition, neither of these studies addressed the question whether different CSC might be derived from different cells of origin (6, 7) . Analysis of GBM according to their respective CSC may also shed light on the putative cells of origin of GBM. Postulated founder cell populations comprise mature astrocytes (8) , unipotent "restricted" progenitor cells, or astrocytic progenitor cells fused with mesenchymal stem cells (MSC; refs. 9, 10). In addition, normally quiescent multipotent adult neural stem cells (aNSC) from the subventricular zone (SVZ) of the adult brain as well as fetal NSC (fNSC) may constitute founder cell populations (10) (11) (12) (13) (14) (15) . aNSC maintain neurogenesis in the adult and share striking similarities with their malignant counterparts (3, 5, 14) . However, aNSC do not express CD133, which is the only established surface marker for CSC in GBM. Conversely, fNSC express CD133 even in the early postnatal stage, but it is unclear if these cells persist until adulthood (16) . Thus, the actual cells of origin of GBM CSC remain enigmatic.
Gene arrays have proven effective in establishing molecularly defined subgroups within histologically defined tumor entities (15, (17) (18) (19) (20) . Recently, Phillips and colleagues have described a 35-gene signature that divided "GBM" into three subtypes, which resembled different stages of neurogenesis, correlated with the patient's prognosis, and delineated a pattern of disease progression. According to the predominant physiologic function of the signature genes, the subtypes were named "proneural," "mesenchymal," and "proliferative" (15) . Whether this classification reflects different types of tumors originating from different CSC remains an open question.
We addressed this question by analyzing the gene expression profiles of 17 GBM CSC lines, which had been shown to preserve the genetic and transcriptional alterations of the original tumor and hardly acquire new mutations when propagated in vitro (14) , and a panel of cell types constituting possible founder cell populations. This revealed that proneural neurosphere-like growing CD133 + GBM CSC lines share similarities with fNSC lines, whereas mesenchymal semiadherent/adherently growing CD133
− GBM CSC lines resemble aNSC lines. Bioinformatic analysis yielded a 24-gene signature (based on 29 transcripts) that enabled a robust in vitro and in vivo class prediction for GBM CSC. The findings suggest two separate founder cell populations and allow the identification of molecular aberrations that distinguish CSC from healthy stem cells.
Materials and Methods
Tissue culture and gene arrays. All experiments had been approved by the local ethics committee (University of Regensburg, No. 05/105, June 14, 2005) . The CSC lines (R8, R18, R53, and R54 ± laminin) were established, propagated, and subjected to microarray analysis as previously described (6) . R8-laminin, R18-laminin, R53-laminin, and R54-laminin were cultured on laminin for 7 d. The proliferation of CSC lines after transforming growth factor-β (TGF-β) treatment was determined using the AlamarBlue assay according to the manufacturer's instructions. fNSC and aNSC cultures have been described by Maisel and colleagues (21) ; two additional aNSC cultures were newly established as described by Maisel and colleagues (21) . The following data sets downloaded from the National Center for Biotechnology InformationGene Expression Omnibus (GEO) were used: GDS2728: CSC lines derived from primary astrocytic GBM (R8, R11, R18, R28, R43, and R46); GSE8049: CSC lines derived from newly diagnosed adult GBM (GS1 and GS3-GS9), as well as one CSC line derived from a long-term survivor with recurrent GBM with oligodendroglial features (GS2), all described in detail by Günther and colleagues (7); GSE15209: CSC lines derived from newly diagnosed GBM [these CSC lines were described by Pollard and colleagues (22) ]; GSE9834: 3 samples of human astrocytes; GSE9835: 3 samples of human neurons derived from human cord blood stem cell culture via transdifferentiation; and GDS1816: 100 high-grade glioma samples described by Phillips and colleagues (15) . R8-laminin, R53, R53-laminin, R54, R54-laminin, R18-laminin, GDS2728, GSE8049, GSE9834, GSE15209, and GSE9835 expression profiles were generated on the Affymetrix GeneChip HG-U133 Plus 2.0 microarray platform. In addition, 2 fNSC lines, 3 aNSC lines, 3 MSC lines, and 100 high-grade glioma samples (GDS1816) were analyzed by the HG-U133A platform.
Microarray preprocessing and quality control. The array data were merged by matching probe sets using the matchprobes extension from the Bioconductor suite of life science-related extensions (23) for the statistical computing environment R (24) . From the publicly available data, we used raw expression values that were jointly normalized together with our own data. Gene expression profiles were background corrected and normalized on probe level using the variance stabilization method by Huber and colleagues (25) . Normalized probe intensities were summarized into gene expression levels using the additive model described in Irizarry and colleagues (26) fitted by the median polish method (27) . For quality control, we generated an overall box plot showing the distribution of gene expression levels for each array and one rank residual plot per sample to illustrate the variance stability across expression levels. Thus, we detected hybridization problems with one microarray and excluded this sample from the analysis.
Statistical analysis of microarray data. To group samples with similar expression profiles, we performed complete linkage hierarchical clustering. We selected 500 genes that were most variably expressed between all samples. Distances between samples were computed using Euclidean distance. We determined three groups of CSC lines by cutting the dendrogram accordingly. Stability of this clustering was evaluated using consensus clustering (23) . We selected genes that were differentially expressed between the clusters using absolute correlation of gene expression values with cluster labels. We reported the top ranking genes only and no P values because the cluster labels were driven by the gene expression values, rendering P values meaningless. We calculated a list of differentially expressed genes between CSC lines and possible cells of origin using linear models implemented in the Bioconductor package limma. False discovery rates for lists of differentially expressed genes were calculated according to BenjaminiHochberg (24) . We tested for enrichment of Gene Ontology (GO) terms and pathways from the Kyoto Encyclopedia of Genes and Genomes using Fisher's exact test. Shrunken centroid classification implemented in the Bioconductor package limma prediction analysis of microarrays (PAM) was used (28) to learn a classifier for discriminating between cluster 2 (f NSC) and cluster 3 (aNSC). PAM identified a set of 29 transcripts with minimal cross-validation error. These 29 transcripts, which define 24-signature genes, were used to predict the stem cell phenotype of 6 independent samples. We also examined these 24-signature genes in the GBM data set GEO (GDS1815).
The signature genes were "averaged" using a standard additive model and fitted with a median polish procedure (27) to calculate a consensus expression index (referred to as CSC index).
Fluorescence-activated cell sorting. Cells were dissociated and resuspended in PBS containing 0.5% (w/v) nonspecific IgG and 2 mmol/L EDTA. Cells were stained with mouse anti-human CD44-FITC (clone MEM-85; ImmunoTools), mouse anti-human platelet-derived growth factor receptor α-phycoerythrin (PDGFRα-PE; clone 16A1; BioLegend), mouse anti-human CD133/2-allophycocyanin (clone 293C3; Miltenyi Biotech), rat anti-human epidermal growth factor receptor (EGFR)-PE (clone ICR10; AbD Serotec), or the corresponding isotype control antibody (mIgG1-PE, mIgG2b-FITC, mIgG2b-PE, and ratIgG2a-PE; Caltag Laboratories). Cells were analyzed on a BD FACSCalibur.
Results
Gene arrays from GBM CSC lines cluster with NSC lines. We compared gene expression profiles of 17 GBM CSC lines with those of different populations of putative founder cells comprising 3 samples of human astrocytes, 3 samples of human neurons, 2 fNSC lines, 3 aNSC lines, and 3 MSC lines.
Hierarchical clustering based on the 500 genes most variably expressed among all samples revealed three distinct clusters. Profiles of the CSC lines fell only into two clusters comprising either fNSC or aNSC lines but not in the third cluster containing neurons, astrocytes, and MSC lines (Fig. 1A) . Note that no information on the cell type was used in the selection of genes used for clustering (i.e., the clustering was done unsupervised). To validate that our clustering was robust and reflected strong intracluster similarity and intercluster dissimilarity of expression profiles, consensus clustering was performed (29) . We randomly selected 100 subsets of size 80 from the 500 top variance genes and repeated the clustering procedure for each subset of genes separately. For each pair of samples, we counted how often the two samples had been assigned to the same cluster. Stability and reproducibility of the clustering indicated strong similarities of the samples within each cluster (Fig. 1B) .
We then selected genes that were differentially expressed between the three clusters by screening the complete set of genes on the array using the correlation of gene expression to the cluster labels. Because significance testing is not valid in a context where the groups are defined by the expression data, we do not report P values but selected a total of 300 genes, which were overexpressed in one of the three groups (Fig. 1C) .
We have recently compared fNSC and aNSC lines in detail (21) . Nestin was expressed in both groups (nestin high ). We used these markers to validate the relationship between type I/II CSC lines and fNSC/aNSC lines. As previously described (6), both types of CSC lines expressed nestin. Similar to fNSC, type I CSC lines highly expressed CD133, PDGFRα, and EGFR and contained DCX-positive cells ( Fig. 1D ; data not shown). Conversely, type II CSC lines expressed CD44 but neither PDGFRα nor CD133 or DCX ( Fig. 1D ; data not shown). Interestingly, type II CSC lines also showed EGFR expression (Fig. 1D ). Although the respective expression level may vary for specific markers (e.g., CD133) within a group, the qualitatively similar marker expression underscores the close relationship of type I/II CSC to their putative cells of origin suggested by the transcriptional profile. Of note, the expression of differentiation markers (βIII-tubulin, GFAP, GalC, and MBP) did not uniformly differ between both groups (data not shown).
CD133 expression correlates with transcriptional similarity to either aNSC or fNSC lines. Only two NSC clusters contained profiles of GBM CSC lines. Interestingly, CD133 expression of CSC lines correlated significantly with their classification into the two clusters (P < 0. Table  S1 ). In the following, we will refer to these clusters of CSC lines by type I and type II (Supplementary Table S1 ). The median age of patients with GBM driven by type I CSC was 70 years in contrast to 60 years in patients with GBM driven by type II CSC ( Fig. 2A) . The assignment to a respective cell of origin is not driven by similar growth patterns. We observed that the clustering correlated significantly with the growth pattern of cell lines, suggesting that growth patterns might be a strong confounding factor driving the expression profiles. To test this hypothesis, we included four additional microarrays from type I (R18 and R54) and type II (R8 and R53) CSC lines now cultured as a semiconfluent monolayer on laminin (Fig. 2B ) and CSC lines published by Pollard and colleagues (22) , which had always been grown on laminin since their derivation from patient material. Irrespective of the growth conditions, gene expression profiling grouped these CSC lines together with type I/II cell lines ( Fig. 2C; Supplementary Fig. S1 ), suggesting that the underlying biological differences between the CSC lines, but not the growth pattern, are driving the clustering. In addition, the growth pattern of fNSC and aNSC lines (Fig. 2D ) was inversely correlated with the growth patterns of the associated CSC lines (Figs. 1A-C and 2C) . Together, the different growth patterns (6, 7) seem to be the consequence of the underlying biological differences between type I and II CSC lines but not their cause.
Comparison of the two subtypes of GBM CSC lines. We then compared the transcriptional profiles of the 17 GBM CSC lines. Notably, transcripts indicating TGF-β activity as well as key proteins of the TGF-β/bone morphogenetic protein (BMP) signaling pathway were significantly upregulated in type II GBM CSC lines compared with type I GBM CSC lines (Table 1; Supplementary Table S3 ). In line with this observation, all type II GBM CSC lines were responsive to TGF-β and displayed reduced proliferation and migration after treatment with the cytokine (Fig. 3A) . In contrast, TGF-β did not alter growth, clonogenicity, and migration of all type I GBM CSC lines investigated ( Fig. 3A; data not shown). Additional major differences included the expression of extracellular matrix (ECM) and focal adhesion proteins (7) . Accordingly, the regulation of the TGF-β/BMP signaling cascade constitutes a major difference between the two subtypes of GBM CSC lines, which might be relevant for the selection of patients likely to benefit from experimental anti-TGF-β therapies. However, a selection of patients according to the GBM subtype would require a molecularly defined signature that permits the correct assignment of each patient to either group.
A 24-gene signature reliably discriminates between type I and type II GBM CSC lines. Although the expression of CD133 significantly correlated with the group assignment of type I and type II CSC lines, its expression did not define either group. To identify signature genes allowing a group assignment of new CSC lines, we used shrunken centroid classification and identified 29 transcripts encoding 24-signature genes, which discriminate between type I and type II GBM CSC lines (Supplementary Table S2 ). To test the signature on independent data, we classified microarrays of six additional, only recently characterized CSC and fNSC lines (17) . In contrast to samples. Distances between the samples were computed using Euclidean distance. Based on these distances, unsupervised clustering was performed using the complete linkage method. lp, late passage; ep, early passage; GS, glioblastoma sample; Rxy, cell line from Regensburg (± laminin); +, CD133 expression or neurosphere formation. B, consensus clustering was performed. We randomly selected 100 subsets of size 80 from the 500 top variance genes and computed a clustering for each subset of genes separately. For each pair of samples, we counted how often two samples fell in the same cluster. The counts are visualized in a color-coded consensus matrix. Dark red corresponds to pairs that were never clustered together, whereas beige corresponds to pairs that were always clustered together. the CSC lines analyzed thus far, Pollard and colleagues cultured all CSC lines on laminin, resulting in an adherent growth pattern of all CSC lines. Notably, published features of these six CSC lines agree with the classification (Fig. 3B) . The CD133 − CSC line GS166 was classified as type II. The CD133 + type II line GS179 expressed GFAPδ filaments, which are specific for aNSC in the SVZ and were not detected in the analyzed type I CSC lines. Conversely, all CSC lines classified as type I CSC lines were CD133
+ . In addition, the gene signature identified all fNSC lines analyzed by Pollard and colleagues and grouped them together with type I GBM CSC lines ( Fig. 3B ; Supplementary Table S1 ). Together, the signature genes discriminated between type I and type II CSC lines irrespective of the culture conditions and the growth pattern.
Relation of type I and II GBM CSC lines to the proneural or the mesenchymal subtype. Phillips and colleagues established an array-based classification, which uses a 35-gene signature to define three different GBM subtypes referred to as proneural, mesenchymal, and proliferative, respectively. We integrated our data derived from GBM CSC lines with the data of the 100 high-grade glioma samples of Phillips and colleagues and calculated a CSC index using the 24-signature genes. A low index indicated a type II-like expression profile, whereas a high index suggested a type I-like expression profile. Going back to the molecular subclasses of the samples published by Phillips and colleagues, we observed that the proneural phenotype was associated with a high CSC index, suggesting that these GBM CSC lines might be driven by type I GBM CSC, whereas the mesenchymal phenotype was associated with a low CSC index, suggesting that these GBMs might be related to type II GBM CSC (Fig. 3C and D) .
Comparison of type I GBM CSC lines with fNSC lines. The cluster analysis suggested that type I GBM CSC lines had originated from cells that had acquired or preserved features similar to those of fNSC. The most striking transcriptional differences suggested an impaired differentiation capacity of CSC lines compared with fNSC lines. fNSC lines expressed more transcripts characterizing mature neurons or astrocytes, including S100, receptors for neurotransmitters (e.g., AMPA4, nicotinergic acetylcholine, γ-aminobutyric acid A, catecholamine receptors, and serotonin 2A), and ion channels (e.g., KCND3 and CACNA1S). In addition, cytokines (e.g., CTNF, PDGFB, FGF18, TGFB2, BMP7, and FGF4) and genes indicating mesenchymal differentiation (e.g., myosin and troponin) were overexpressed in fNSC lines. Upregulated genes in type I CSC lines indicated rapidly proliferating and metabolically active cells (heat shock proteins, genes associated with RNA processing, and oxidative phosphorylation; Table 2;  Supplementary Tables S3 and S4 ). Only few previously GBMassociated transcripts were differentially regulated in type I CSC lines. The overrepresented GO terms included atypical MHC-I proteins (e.g., HLA-G and HLA-E; ref. 30 ) and telomere-stabilizing genes (DKC1 and TERF1). Transcriptional profiling in CSC lines, however, revealed neither aberrant activation of signaling pathways (e.g., Shh, WNT, and Notch) nor upregulation of antiapoptotic proteins. In summary, type I GBM CSC and fNSC lines showed surprisingly few differences and fairly similar transcription profiles. The few major transcriptional differences suggest that CSC lines proliferated faster than their nonmalignant counterparts possibly favored by impaired differentiation capacity and stabilization of telomeres.
Comparison of type II GBM CSC lines with aNSC lines. Type II GBM CSC lines might originate from cells acquiring or preserving features similar to those of aNSC. Again, the comparison of type II CSC and aNSC lines revealed only a very limited set of transcriptional differences (Table 3; Supplementary Tables S3 and S5 ). Type II GBM CSC lines showed an impaired spontaneous differentiation pattern compared with aNSC lines. Transcripts indicating oligodendroglial differentiation (e.g., MBP, MOG, and MAG) and proteins typically expressed in neurons (receptors for neurotransmitters and voltage-gated ion channels) were downregulated. Conversely, transcripts associated with increased metabolic activity or mRNA and DNA synthesis indicated a higher proliferation rate of GBM CSC lines compared with aNSC lines. The gene expression profiles did not indicate a differential activation of intracellular signaling pathways associated with "stemness" or antiapoptotic genes, suggesting that aNSC and CSC lines use similar signaling cascades to maintain pluripotency. Taken together, the differences between type II GBM CSC lines and aNSC lines comprised impaired differentiation combined with accelerated cell cycle and increased metabolic activity.
Discussion
Using Affymetrix Human Genome U133A arrays, Phillips and colleagues described three molecular subclasses of GBM seemingly reflecting different stages of neurogenesis (15, 18) . Conversely, our group (6) and Günther and colleagues (7) reported two different types of CSC lines derived from newly diagnosed GBM and cultured in medium, supporting the growth of NSC and GBM CSC. This study now integrates these three reports and suggests that different cells of origin give rise to different types of GBM CSC that account for the heterogeneity of GBM (Supplementary Table S1 ).
The array-based classification published by Günther and colleagues (7) was controversial because the distinct growth patterns of cluster 1 and 2 GBM CSC lines might have introduced a bias into the analysis. In addition, Pollard and colleagues (22) cultured six different CSC lines on laminin and did not report spontaneous clustering based on the transcriptional patterns, although our 24-gene signature classified them unambiguously. This suggests that differences in the growth pattern may superimpose the biological differences and make them undetectable if only few CSC lines are analyzed. However, our clustering analysis, which is based on the collected data available now, shows that, in line with a recent study by Kenny and colleagues (31) , neither the culture conditions (± ECM proteins) nor the growth patterns have a dominant effect on the group assignment of CSC lines based on the transcriptional profile. In fact, the assignment to a given group reflects more profound biological differences as indicated by the different age of patients ( Fig. 2A) and the 24-gene signature derived from in vitro CSC lines that could also be used to classify gene expression data obtained from primary GBM samples used directly ex vivo without culturing (Fig. 3) . The cell of origin of GBM is still vague. In line with a previous report (14) , we show that all GBM CSC lines cluster with NSC lines but not with astrocytes. Thus, GBMs are likely to originate from cells that have acquired (e.g., via dedifferentiation) or preserved features of NSC.
However, no such statement can be made for those ∼60% of GBM that did not give rise to CSC lines on propagation in NSC medium (5, 6, 32) . A limitation of our microarray-based study is the inability to actually observe the transformation of a putative founder cell into a GBM CSC. Although type I and II CSC and their putative cells of origin share similar marker expression patterns, our approach can only generate hypotheses but not prove them. Only new conditional in vivo experiments, which extend recently established animal models (33, 34) to the point where the putative founder populations can be specifically transformed by the selective induction of the respective genetic changes, will allow final conclusions.
Nevertheless, our data imply that CD133 − type II GBM CSC may originate from CD133 − aNSC located at the SVZ/ hippocampus (16) , which concords with several recent reports on the development of GBM (8, 34, 35) . Considering that there is heterogeneity among the type II CSC lines, different molecular mechanisms may be involved in the genesis of type II CSC. Larger series will be needed to identify possible subgroups. CD133 + type I GBM CSC, in contrast, cannot be traced back to a specific cell of origin at this moment. The respective cell has to preserve or acquire a fNSC-like phenotype. Putative candidate cells comprise among others CD133 + radial glia-like ependymal cells published by Coskun and colleagues (36) . As aNSC can be reprogrammed into pluripotent embryonal stem cells by activation of the transcription factor Oct4 (37), the similarities between type I CSC lines and fNSC lines could also be due to the reacquisition of a fNSC-like phenotype by aNSC.
The finding that both type I and the molecularly distinct type II GBM CSC cannot be distinguished from their putative cells of origin by the activation of aberrant signaling pathways but rather by a massively impaired differentiation capacity is quite striking: This implies that signaling pathways, which are constitutively active in NSC, are fully sufficient to drive tumor growth (38, 39) . Accordingly, new therapies for GBM should not only focus on the inhibition of growth factor signaling but also consider strategies to differentiate or eliminate CSC (40, 41) .
However, although impaired differentiation potential seems to be a common characteristic of both type I and type II CSC lines, gene expression profiling also revealed marked biological differences between the two GBM subgroups. This includes the differential expression of integrins β 3 , β 5 , and α V (among other ECM-related proteins), which might predict the responsiveness to new integrin inhibitors such as cilengitide (42) . Therefore, a correct assignment of a tumor to the respective subtype may have profound clinical implications. This may be achieved in part by the assessment of CD133 expression, which is of high clinical importance in vivo (43, 44) and shows a significant correlation with the molecular array-based assignment. However, we here provide a new 24-gene signature, which seems to be more specific than CD133 expression and should be further evaluated for its potential to reliably discriminate between the two tumor subtypes and the respective CSC.
In conclusion, we confirmed the existence of two distinct types of GBM CSC. They develop differently and derive from different cells of origin or via different molecular steps. During transition from the respective NSC to the related CSC, the loss of the appropriate differentiation potential may be the most critical event, although additional alterations leading to accelerated proliferation are also required for the malignant phenotype (particularly in type II GBM CSC). Our data thus help to better understand the development of GBM, the heterogeneity of these tumors, and the accordingly variable prognosis of patients with GBM and may lead to the development of more personalized and improved therapies targeting GBM CSC.
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